Introduction {#S0001}
============

Nasopharyngeal carcinoma (NPC) is a rare type of head and neck malignancies, and it arises from the epithelium of the nasopharynx.[@CIT0001] Both of the environmental and genetic risk factors can promote the tumorigenesis of NPC, such as occupational exposure to formaldehyde, Epstein--Barr virus infection, cigarette smoking and other dietary factors or genetic polymorphisms.[@CIT0002] The occurrence of NPC is relatively common in southern China and southeast Asia with an incidence rate of 15/100,000--50/100,000, but it is not prevalent in Europe and the USA.[@CIT0003] Nowadays, radiotherapy (RT) is the primary treatment for NPC, and the five-year overall survival rate of the early-stage NPC is about 90% after treating by RT alone, but about 70% NPC patients were at the locally advanced stage and the five-year survival treated by RT alone is very poor, which prompts researchers to add chemotherapy or targeted therapy to improve the efficacy of RT on NPC.[@CIT0004] Although great progress has been done, a truly effective chemotherapy regimen for NPC has not been identified. These clinical observations prompted us to investigate a potential drug as an alternative option for NPC treatment.

A recent paper reported that ovatodiolide significantly inhibited the viability of NPC cells, attenuated NPC stem cell tumorigenicity, suppressed tumor growth and enhanced the sensitivity of NPC cells to cisplatin treatment by dysregulating JAK/STAT signaling pathway, which could be as a putative inhibitor of JAK2 and STAT3 for future NPC treatment.[@CIT0005] Another paper reported that Polyphyllin I (PP I) extracted from natural herb *Paris polyphylla* suppressed tumor growth and induced apoptosis of NPC in vitro and in vivo by downregulating lncRNA-ROR, subsequently upregulating p53 signaling.[@CIT0006] In this study, vitexin, a natural flavonoid glycoside, was found to display effective anti-NPC activity both in vitro and in vivo. And further studies showed that vitexin significantly inhibited p65 activation by suppressing IKK phosphorylation in NPC cells, which indicated that vitexin could be as a novel NF-κB inhibitor. These results showed that vitexin could be purposed as the chemotherapeutics for the treatment of NPC in clinic.

Materials and methods {#S0002}
=====================

Cell culture and reagents {#S0002-S2001}
-------------------------

NPC cells CNE1, CNE2, HK1 and HNE1 were cultured in high-glucose DMEM supplemented with 10% fetal bovine serum, and 1% penicillin/streptomycin (Beyotime, Nantong, China) in 5% CO~2~ at 37°C. All NPC cells were kindly provided from the Cancer Hospital of Shanghai Fudan University (Shanghai, China). The use of the NPC cell lines was approved by the institutional review board and ethics committee of Suzhou Municipal Hospital, the Affiliated Suzhou Hospital of Nanjing Medical University. Vitexin (VTX) was purchased from Sigma-Aldrich (St Louis, MO, USA).

Cell viability {#S0002-S2002}
--------------

NPC cells were seeded in 96-well plates at a density of 4000 cells/100 μL and cultured overnight at 37°C with 5% CO~2~. Then, NPC cells were incubated with different concentrations of vitexin (0, 5, 10, or 20 μM) for 24 hrs in the 96-well plates. Cell survival was examined by Cell Counting Kit-8 (CCK-8) assay according to the manufacturer's instructions (Biotool, Houston, USA).

Cell cycle analysis {#S0002-S2003}
-------------------

NPC cells CNE1 and HK1 were seeded in 6-well plates at a density of 500,000 cells/mL and cultured overnight at 37°C with 5% CO~2~. Then, NPC cells were treated with vehicle or 10 μM vitexin for 24 hrs before cell cycle analysis. Subsequently, NPC cells were fixed with 70% cold ethanol overnight and washed with cold PBS, followed by being resuspended in 100 μL PBS containing 100 μg/mL RnaseA (Beyotime, Nantong, China) for 30 mins at 37°C. Then, NPC cells were washed with cold PBS and incubated with propidium iodide for 5 mins at room temperature. Finally, the cell cycle was analyzed on a flow cytometer (Attune^®^ NxT; Life Technologies).

Immunoblotting {#S0002-S2004}
--------------

Immunoblotting was performed as described previously.[@CIT0007] Equal amounts of total proteins (30 μg) were subjected to SDS-PAGE, transferred onto PVDF membrane, and immunoblotted with specific antibodies. The primary antibodies against PARP, Bcl-2, Mcl1, phospho-p65 (p-p65), p65, p-IκBα, IκBα, p-IKK, IKKα and IKKβ were purchased from Cell Signaling Technology (Danvers, MA). Anti-Flag tag and GAPDH antibodies were purchased from Sigma-Aldrich (St Louis, MO, USA).

Xenograft studies {#S0002-S2005}
-----------------

The human NPC cells CNE1 (8×10^6^ cells/site) were injected subcutaneously in the right ﬂanks of female nude mice purchased from Shanghai Slac Laboratory Animal Co. Ltd., Shanghai, China. Mice were randomly divided into two groups when tumors became palpable. One group was orally received vitexin (30 mg/kg) in PBS containing 10% Tween 80 and 10% DMSO daily for continuous two weeks, and the other was given vehicle. Tumor volumes were monitored by using vernier caliper every other day. This animal study was approved by the Review Board of Animal Care and Use of Suzhou Municipal Hospital, the Affiliated Suzhou Hospital of Nanjing Medical University.

Luciferase assay {#S0002-S2006}
----------------

CNE1 cells were seeded in 6-well plates at a density of 500,000 cells/mL and cultured overnight at 37°C with 5% CO~2~. Subsequently, the luciferase reporters driven by NF-κB response elements (pNFκB-LUC) or empty vector along with the internal control renilla plasmids were transfected into CNE1 cells by Lipofectamine^®^ 2000 (Invitrogen) according to the manufacturer's instruction. Twenty-four hours later, cells were incubated with increasing concentrations of vitexin overnight, and then cells were harvested and lysed for luciferase assay by using Dual-Luciferase^®^ Reporter Assay System (Promega, Madison, WI, USA) as described previously.[@CIT0008]

Quantitative real-time polymerase chain reaction (qRT-PCR) {#S0002-S2007}
----------------------------------------------------------

Total RNA was extracted by using the TRIzol^®^ Reagent (Takara, Japan) according to the manufacturer's instructions. Then, cDNA was synthesized from equal quantities of total RNA by using the PrimeScript^TM^ RT reagent Kit with gDNA Eraser (Takara, Japan). To determine the mRNA levels of Cyclin D1 and Bcl-2, qRT-PCR was performed by using SYBR Green qPCR Master Mix (Roche, Basel, Switzerland) as described previously.[@CIT0009] The primers used were as follows: Cyclin D1, forward 5ʹ-GCGAGGAACAGAAGTGCG-3ʹ and reverse 5ʹ-TGGAGTTGTCGGTGTAGATGC-3ʹ; Bcl-2, forward 5ʹ-CTGGGAGAACAGGGTACGATAA-3ʹ and reverse 5ʹ-CGGGCTGGGAGGAGAAGAT-3ʹ; GAPDH, forward 5ʹ-GCACCGTCAAGGCTGAGAAC-3ʹ and reverse 5ʹ-TGGTGAAGACGCCAGTGGA-3ʹ.

Kinase activity in cell-free assay {#S0002-S2008}
----------------------------------

Kinase activities in the presence of different concentrations of vitexin were examined by using the Kinase-Glo Luminescent Kinase Assay Kit (Promega, Madison, WI, USA) according to the manufacturer's instruction as described previously.[@CIT0010]

Plasmids construction and gene transfection {#S0002-S2009}
-------------------------------------------

The human CA-IKKβ (constitutively activated IKKβ) gene was amplified by PCR and subcloned into pcDNA3.1 plasmids with a Flag tag as previously described.[@CIT0011] The pNFκB-LUC plasmid was purchased from Beyotime Biotechnology, Inc. (Nantong, China). Plasmids were transiently transfected into CNE1 cells by Lipofectamine^®^ 2000 (Invitrogen) according to the manufacturer's instruction.

Statistical analysis {#S0002-S2010}
--------------------

Data was recorded as the mean ± SD of at least three independent experiments. All the experiments were repeated three times. The Student's *t-*test was used for comparison of two groups in the experiments, and a *p-*value \<0.05 was supposed to be statistically significant.

Results {#S0003}
=======

Vitexin inhibited cell growth by inducing cell apoptosis in MPC {#S0003-S2001}
---------------------------------------------------------------

To assess the antitumor effect of vitexin on NPC cells, CCK-8 assay was performed. As shown in [Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}, four NPC cell lines were collected and incubated with increasing concentrations of vitexin for 24 hrs, and CCK-8 assay showed that vitexin significantly inhibited NPC cell survival. Subsequently, cell survival was also assessed by cell cycle analysis. As shown in [Figure 1C](#F0001){ref-type="fig"}, vitexin significantly induced cell cycle arrest at G0/G1 phase in CNE1 and HK1 cells. And vitexin also inhibited the expression levels of cell cycle-associated proteins, including Cyclin D1, and upregulated p21 and p53 expression in NPC cells ([Figure 1D](#F0001){ref-type="fig"}). Finally, the status of caspase substrate PARP was assessed by immunoblotting. As shown in [Figure 1E](#F0001){ref-type="fig"}, the cleavages of PARP could be also induced by vitexin dose-dependently in CNE1 and HK1 cells, and the antiapoptotic proteins Bcl-2 and Mcl1 were also downregulated by vitexin dose-dependently. These results indicated that vitexin inhibited NPC cell survival by inducing cell apoptosis in vitro.Figure 1Vitexin inhibited cell growth by inducing cell apoptosis in nasopharyngeal carcinoma. (**A**) The chemical structure of vitexin (VTX). (**B**) Four NPC cell lines were incubated with indicated concentrations of vitexin for 24 hrs, followed by CCK-8 assay. (**C**) CNE1 and HK1 cells were treated with vehicle (NC) or 10 μM vitexin for 24 hrs, followed by PI staining and analysis on a flow cytometer. (**D**) CNE1 and HK1 cells were treated with 0, 5, 10 or 20 μM vitexin for 24 hrs, followed by immunoblotting against Cyclin D1, p21 and p53. GAPDH was used as an internal control. (**E**) CNE1 and HK1 cells were treated with increasing concentrations of vitexin for 24 hrs, followed by immunoblotting against PARP, Bcl-2, Mcl1 and GAPDH.

Vitexin inhibited NPC cell growth in vivo {#S0003-S2002}
-----------------------------------------

To evaluate the antitumor activity of vitexin in vivo, a NPC cell line-derived xenograft model was established. As shown in [Figure 2A](#F0002){ref-type="fig"}, vitexin significantly suppressed the tumor growth at the beginning of the 4th day. At the end of the experiment, tumors were excised and taken photos, and the tumors in vitexin-treated group were obviously smaller than the control ([Figure 2B](#F0002){ref-type="fig"}). And the tumor weight of vitexin-treated group was also lighter than the control ([Figure 2C](#F0002){ref-type="fig"}). Interestingly, the body weights of the mice were not changed during the process of drug administration ([Figure 2D](#F0002){ref-type="fig"}). Finally, the excised tumors were lysed for immunoblotting, and the results showed that the phosphorylated p65 and Cyclin D1 were significantly downregulated in vitexin-treated group, which suggested that vitexin may inhibit NF-κB signaling in NPC ([Figure 2E](#F0002){ref-type="fig"}).Figure 2Vitexin inhibited nasopharyngeal carcinoma cell growth in vivo. (**A**) NPC cells CNE1 (8×10^6^) were inoculated subcutaneously into nude mice. When tumors were palpable, mice were randomly divided into two groups (n=6/group). One group was orally administrated with vitexin (30 mg/kg) daily for continuous 2 weeks, and the other was given vehicle as a control group. Tumor volumes were monitored every other day. (**B**) At the end of the experiment, tumors were excised and taken photos. (**C**) Tumor weight was measured. (**D**) Body weight was also measured during the process. \*\**p*\<0.01. (**E**) The excised tumors were lysed for immunoblotting against p-p65, p65 and Cyclin D1. GAPDH was used as an internal control.

Vitexin suppressed NF-κB signaling in NPCcells {#S0003-S2003}
----------------------------------------------

Further studies showed that vitexin significantly suppressed the luciferase activity of pNF-κB-Luc, which further suggested that vitexin may inhibit NF-κB signaling ([Figure 3A](#F0003){ref-type="fig"}). To elucidate it, two NPC cells were treated with increasing concentrations of vitexin for 24 hrs, and immunoblotting revealed that the phosphorylation of NF-κB p65 could be obviously suppressed by vitexin in a dose-dependent manner ([Figure 3B](#F0003){ref-type="fig"}). Moreover, the phosphorylation of p65 could be also inhibited by vitexin in a time-dependent manner in CNE1 and HK1 cells ([Figure 3C](#F0003){ref-type="fig"}). In addition, vitexin could affect the nuclear translocation of NF-κB p65 in NPC cells ([Figure 3D](#F0003){ref-type="fig"}). At the same time, the target genes of NF-κB signaling pathway, including Cyclin D1 and Bcl-2, were also downregulated after treated with vitexin ([Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}). Above studies demonstrated that vitexin inhibited NF-κB signaling in NPC cells.Figure 3Vitexin suppressed NF-κB signaling in nasopharyngeal carcinoma cells. (**A**) The luciferase reporters driven by NF-κB response elements (pNFκB-LUC) were transfected into CNE1 cells for 24 hrs, and then cells were incubated with vitexin overnight. Luciferase activity was analyzed by using Dual-Luciferase Reporter Assay System. (**B**) CNE1 and HK1 cells were treated with increasing concentrations of vitexin for 24 hrs, followed by immunoblotting against p-p65, p65 and GAPDH. (**C**) CNE1 and HK1 cells were treated with 20 μM vitexin for indicated time, followed by immunoblotting against p-p65, p65 and GAPDH. (**D**) CNE1 cells were treated with 10 μM vitexin. Twenty-four hours later, cells were lysed for cytoplasmic and nuclear protein isolation, followed by immunoblotting against p-p65, p65, GAPDH and Histone H3. (**E** and **F**) CNE1 cells were treated with indicated concentrations of vitexin. Twenty-four hours later, cells were prepared for qRT-PCR against Cyclin D1 (**E**) and Bcl-2 (**F**). GAPDH was used as an internal control. \**p*\<0.05; \*\**p*\<0.01.

Vitexin inhibits IKK activation in NPC {#S0003-S2004}
--------------------------------------

To further elucidate how vitexin downregulated p65 activation, the statuses of upstream kinases were evaluated. As shown in [Figure 4A](#F0004){ref-type="fig"}, the phosphorylation of IκBα, an inhibitor of NF-κB, was downregulated by vitexin, along with the upregulation of total IκBα in CNE1 and HK1 cells. Furthermore, the phosphorylation of IKK, the kinase of IκB, was also suppressed by vitexin, but the total proteins of IKKα and IKKβ were not changed ([Figure 4B](#F0004){ref-type="fig"}). And the in vitro kinase assay showed that the kinase activity of IKKβ was also suppressed by vitexin in a cell-free system ([Figure 4C](#F0004){ref-type="fig"}). To further assess it, the constitutively activated IKKβ (CA-IKKβ) plasmid was constructed, and we found that overexpression of CA-IKKβ significantly attenuated the inhibitory effect of vitexin on NF-κB p65 phosphorylation ([Figure 4D](#F0004){ref-type="fig"}). These results demonstrated that vitexin inhibited NF-κB signaling by suppressing IKK activation.Figure 4Vitexin inhibits IKK activation in nasopharyngeal carcinoma. (**A**) CNE1 and HK1 cells were treated with increasing concentrations of vitexin for 24 hrs, followed by immunoblotting against p-IκBα, IκBα and GAPDH. (**B**) CNE1 and HK1 cells were treated with increasing concentrations of vitexin for 24 hrs, followed by immunoblotting against p-IKK, IKKα, IKKβ and GAPDH. (**C**) Increasing concentrations of vitexin were incubated with the recombinant IKKβ, and kinase activity of IKKβ was then analyzed in a cell-free system. \**p*\<0.05; \*\**p*\<0.01. (**D**) CNE1 cells were transfected with empty vector or Flag-CA-IKKβ for 24 hrs, followed by the treatment of increasing concentrations of vitexin for 24 hrs. Then, cells were prepared for immunoblotting against p-p65, p65, Flag and GAPDH.

Discussion {#S0004}
==========

The secondary metabolites of plants have been revealed to possess positive effects on many malignancies, and numerous plant extracts have been assessed for possible application in cancer therapy.[@CIT0012] In this study, vitexin, a natural flavonoid glycoside, was shown to display significant antitumor activity in NPC both in vitro and in vivo. Interestingly, vitexin has been used as a traditional Chinese medicine for the treatment of a variety of diseases for a long year,[@CIT0013] and previous studies have also shown that vitexin has effective antitumor roles in some other tumors, including colorectal cancer,[@CIT0014] leukemia,[@CIT0015] glioblastoma,[@CIT0016] bladder cancer[@CIT0017] and breast cancer,[@CIT0018] which further supported our research that vitexin had significant antitumor activity. Additionally, vitexin was reported to participate in the main events involved in the process of neurotoxicity.[@CIT0019] Vitexin enhanced the production of neuroprotective factors and reduced neurodegeneration, such as abnormal protein aggregation, neuroinflammation, redox imbalance, etc.[@CIT0019]

NF-κB signaling is overexpressed or overactivated in many cancers and promotes tumorigenesis.[@CIT0020] It is also involved in the drug resistance in the chemotherapy of many cancers.[@CIT0021] Therefore, targeting NF-κB signaling has been an effective strategy for antitumor drug discovery.[@CIT0022] In mamalian cells, NF-κB signaling is strictly regulated by several important steps, including extracellular stimuli, IKKs activation, IκBα phosphorylation and degradation, NF-κB nuclear translocation, DNA binding and transactivation, which can be all used as the targets for the development of NF-κB inhibitors.[@CIT0023] For example, bortezomib could suppress the degradation of IκBα and thus inhibited NF-κB activation.[@CIT0024] Another paper showed that the antimalarial drug mefloquine could significantly inhibit NF-κB signaling by suppressing IKK activation and induced cell apoptosis in colorectal cancer.[@CIT0025] In this study, vitexin was also found to suppress NF-κB signaling by inhibiting IKK activation in NPC cells. And many inhibitors have been also reported to focus on IKK complex because of the critical roles of IKKs as the integrator of many signals that regulate NF-κB.[@CIT0026]

In addition to affect NF-κB signaling, vitexin was also reported to be involved in regulating several other pathways in tumors. For example, vitexin was reported to induce cell apoptosis by suppressing PI3K/AKT/mTOR signaling in human non-small cell lung cancer A549 cells.[@CIT0027] And another paper also showed that vitexin-induced antitumor effect was exerted by proapoptotic process, and it was mediated by a decreased Bcl-2/Bax ratio and activation of caspases in breast, prostate, liver, and cervical cancers.[@CIT0028] These studies provide substantial evidences to support the scientific exploration of vitexin in tumors, but the specific mechanism of vitexin in tumors is still unclear.

Therefore, this study showed that vitexin could be a novel NF-κB inhibitor by suppressing IKK activation and displayed significant antitumor activity in NPC. Vitexin could be further developed as a potential drug for the treatment of NPC in the future.

Conclusion {#S0005}
==========

In conclusion, this paper demonstrated that the natural flavonoid glycoside vitexin exerted its antitumor activity by suppressing NF-κB signalling in NPC cells. This study suggests that vitexin could be further used for NPC treatment in clinic in the future.
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